a b s t r a c t 1 H NMR Spectroscopy has been applied to determine the neurochemical profiles of brain extracts from the frontal cortex and hippocampal regions of germ free and normal mice and rats. The results revealed a number of differences between germ free (GF) and conventional (CV) rats or specific pathogen-free (SPF) mice with microbiome-associated metabolic variation found to be both species-and region-dependent. In the mouse, the GF frontal cortex contained lower amounts of creatine, N-acetyl-aspartate (NAA), glycerophosphocholine and lactate, but greater amounts of choline compared to that of specific pathogen free (SPF) mice. In the hippocampus, the GF mice had greater creatine, NAA, lactate and taurine content compared to those of the SPF animals, but lower relative quantities of succinate and an unidentified lipid-related component. The GF rat frontal cortex contained higher relative quantities of lactate, creatine and NAA compared to the CV animals whilst the GF hippocampus was characterized by higher taurine and phosphocholine concentrations and lower quantities of NAA, N-acetylaspartylglutamate and choline compared to the CV animals. Of note is that, in both rat and mouse brain extracts, concentrations of hippocampal taurine were found to be greater in the absence of an established microbiome. The results provide further evidence that brain biochemistry can be influenced by gut microbial status, specifically metabolites involved in energy metabolism demonstrating biochemical dialogue between the microbiome and brain.
Introduction
Evidence for the importance of the gut-brain axis in host development and metabolism continues to emerge [1] and the role of the gut microbiota in shaping the communication between these two organs is of increasing interest. It is well established that the brain can influence the gut environment via barrier function, gut motility [1] and mucus secretion [2] with downstream consequences for the resident microbial community. Evidence is now gathering to support the reciprocal communication of the gut microbiota on the brain. For example, the gut microbiota has been demonstrated to influence behaviour and cognition including mating patterns in fruit flies [3] and memory function in mice [4] . Various mechanisms have been proposed for this microbe-host dialogue. The gut microbiome has been shown to activate the vagus nerve, an information highway that relays visceral signals between the intestines and the central nervous system [5, 6] . Other mechanisms of communication include the gut microbial activation of the mucosal immune system and modulation of gut hormones [7] . The microbiome also serves as a source of bioactive metabolites that can modulate host behaviour via direct chemical communication. This includes production of metabolites such as melatonin, gamma-aminobutyric acid (GABA) and serotonin that can interact with host receptors and modulate host function [8] . Furthermore, the microbiota influence prenatal and postnatal brain development with cobalamin, a gut microbially synthesized vitamin, important for the development of the nervous system [9] . Evidence is also accumulating linking the gut-brain axis in pathological processes. Co-morbidity between gastrointestinal disorders and anxiety is well documented [10] gastrointestinal dysfunction is symptomatic of the spectrum of conditions associated with Autism Spectrum Disorders (ASD). In fact, the presence of intestinal microbiota influences development of behaviour accompanied by neurochemical changes in the brain [10] and psychological stress has been shown to disrupt the composition of the gut microbiota [11] . The influence of microorganisms on behavioural traits is not surprising given that the hologenome theory of evolution attests that the microbiome has co-evolved with the host and that the holobiont/super-organism as a whole is the subject of natural selection and function rather than the host organism alone [12] .
The application of metabonomics/metabolomics approaches for metabolic phenotyping (metabotyping) [13, 14] to identify biochemical signatures associated with neurological disorders is well established [15] . This systems biology approach has found value in highlighting the biochemical connectivity between the microbiome and the host genome, illuminating intact microbial molecules and those produced through collaborative microbialhost metabolic exchanges [16, 17] . Through this approach we have previously shown that extrinsic organisms, such as nematodes, have the potential to alter the biochemical composition of the brain. Here, we apply a 1 H nuclear magnetic resonance (NMR) spectroscopy-based metabolic phenotyping approach to investigate whether the gut microbiome modulates the neurobiochemical signature of the frontal cortex and hippocampus in two rodent germ-free models compared to their conventional equivalents. These regions have been selected due to their role in executive functions, particularly working memory, a function modulated by the gut microbiome. 
Experimental
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Study design
Male Sprague-Dawley conventional rats (n = 3) and germ-free Sprague-Dawley rats (n = 3) were purchased from Charles River. From 8 weeks of age animals were housed individually in glass "metabowls"designed for the separate collection of urine and feaces in a standard laboratory environment at room temperature, with a 12/12-light/dark cycle. Food (Rat & Mouse No. 1 Modified Irradiated Diet, Special Diet Services) and water were provided throughout the study ad libitum. Animals were sacrificed by halothane inhalation 96 h after exposure to the conventional laboratory setting. Brain samples were removed and snap frozen in liquid nitrogen.
Male 10-12 week old NMRI mice (n = 10) were maintained on a standard R36 chow in 12 h light cycles. Animals were raised either under germ-free (n = 5) (GF) conditions, in special dedicated plastic tents or under conventional conditions in a specific pathogen-free (SPF) environment (n = 5) (SPF mice are those that are demonstrated by routine testing to be free of a specific list of pathogens, including those that can impact on mouse health and research outcomes). To ensure sterility and germ-free status, fecal samples from all germ-free isolators were tested frequently. Cultures on blood agar plates (aerobic and anaerobic growth), CLED (cysteine-, lactose-, and electrolyte-deficient) plates and SAB Oxoid plates were monitored weekly, with appropriate controls. PCR was not used to monitor bacterial DNA, as false positive results, primarily from DNA in the chow can confound results.
Each germ-free line was bred and maintained in at least two different isolators. Autoclave procedures were monitored frequently to ensure complete sterility of incoming materials. At least 3-4 times a year, sentinel mice are sent for health monitoring to the National Veterinary Institute (SVA) in Uppsala, Sweden.
Sample collection and preparation
For 1 H nuclear magnetic resonance (NMR) spectroscopic analysis the hippocampus and frontal cortex sections of the brain were removed. Aqueous metabolites were extracted as described in [18] . Briefly, using a tissue lyser 10 mg of brain tissue was homogenized in 300 L of chloroform: methanol (2:1 V/V). The homogenate was combined with 300 L of water, mixed by vortexing and centrifuged at 13,000 g for 10 min. The upper aqueous phase was separated from the lower organic phase and the water: methanol was removed using a vacuum concentrator (SpeedVac). The aqueous phase was reconstituted in 550 L of phosphate buffer (pH 7.4, 100% D2O) containing 1 mM of the internal standard, 3-(trimethyl -silyl)-[2,2,3,3,-2H4]-propionic acid (TSP).
1 H NMR spectroscopy
1 H NMR spectroscopy was performed at 300 K (26.85 • C) on a Bruker 600 MHz spectrometer (Bruker Biospin, Karlsruhe, Germany) using the following standard one-dimensional pulse sequence with saturation of the water resonance: relaxation delay (RD)−90 • -t1−90 • -tm−90 • -acquire free induction decay (FID), where 90 • represents the applied 90 • radio frequency (rf) pulse, t1 is an interpulse delay set to a fixed interval of 3 ms, RD was 2 s and tm (mixing time) was 100 ms. Water suppression was achieved through irradiation of the water signal during RD and tm. For the rat brains, each spectrum was acquired using 8 dummy scans followed by 64 scans and collected into 32 K data points. For the mouse brains, each spectrum was acquired using 8 dummy scans, 512 scans, and 64 K data points. A spectral width of 20,000 Hz was used for both species. Prior to Fourier transformation, the FIDs were multiplied by an exponential function corresponding to a line broadening of 0.3 Hz.
Data analysis
1 H NMR spectra were manually corrected for phase and baseline distortions and referenced to the TSP singlet at ı 0.0. Spectra were digitized using an in-house MATLAB (version R2009b, The Mathworks, Inc.; Natwick, MA) script. Each spectrum was normalized to total area and principal components analysis (PCA) was performed with Pareto scaling in Matlab.
Results and discussion
The use of 1 H NMR spectroscopy for the analysis of biofluids and tissue extracts provides a convenient means of performing untargeted metabolic profiling for a wide range of abundant metabolites [19] . In the frontal cortex and hippocampus extracts obtained from both rats and mice acetate, alanine, aspartate, N-actetyl-aspartate (NAA), N-acetylaspartylglutamate (NAAG), choline, creatine, GABA, glutamate, glutamine, glycerophosphocholine, lactate, myo-inositol, phosphocholine, succinate, taurine and valine were readily detected (see Supplementary Fig. S1 ). When the various extracts were compared differences were observed in the 1 H NMR spectroscopic profiles between male germ-free (GF) and specific-pathogen-free (SPF) NMRI mice in the frontal cortex and hippocampus as shown in the Principal Components Analysis (PCA) scores plots (Fig. 1) . The GF frontal cortex was found to contain lower amounts of creatine, NAA, glycerophosphocholine and lactate than the SPF frontal cortex and greater amounts of choline based on the PCA loadings plots. In contrast, creatine, NAA and lactate were present in greater amounts in the GF hippocampus compared to the SPF hippocampus. The GF hippocampus also contained higher relative quantities of taurine compared to the SPF mice while succinate and a broad lipid-related component were present in lower amounts in the GF hippocampus.
To establish the generalizability of this finding the frontal cortex and hippocampus regions of brains from male GF and conventional Sprague-Dawley rats were also profiled. Although the group sizes are small (n = 3), the results were nevertheless clear. 1 H NMR spectroscopy of the brain extracts revealed marked differences in metabolic profiles between the GF and conventional animals (illustrated in Fig. S1 of the Supplementary information). These differences are shown in the PCA scores plots (Fig. 2) . The GF frontal cortex contained greater amounts of lactate, creatine and NAA compared to the conventional rat cortex. The hippocampus extracts obtained from GF rats was characterized by higher amounts of taurine and phosphocholine compared to those of conventional animals. On the other hand the metabolite profiles seen for conventional rats contained greater proportions of NAA, NAAG, and choline than those of the GF animals.
These results suggest that the microbial-associated metabolic variation was species-specific possibly reflecting microbiomic differences across the species, or inherent variation in the neurochemistry between rats and mice [20] . Within species, the microbial influence differed between the frontal cortex and the hippocampus owing potentially to differences in the functionality of these two neuroanatomical regions. Nevertheless, hippocampal taurine concentrations were higher in all the GF animals compared to the colonized animals. Higher tissue concentrations of taurine are characteristic of the GF state and the relative amounts of this amino acid is consistently higher in biofluids and tissues from GF animals, including in the plasma of these GF rats [18] . Diet and biosynthesis contribute to the taurine pool. It has been suggested that the elevated amounts of taurine in GF animals arises from the absence, or reduction, of microbial taurine catabolism [21, 22] . However, elevated quantities of glucocorticoids have also been shown to increase the quantity of taurine in the brain [23] . Since GF mice have an increased activity of their HPA axis, including elevated concentrations of circulating glucocorticoids in plasma [24] , due to metabolic stress and their reduced capacity to extract energy from the food in the absence of microbes, this may explain these elevations in taurine. Functionally, taurine is a neural osmolyte and is used by cells to compensate for changes in extracellular osmolality and regulate cell volume [25] . Taurine also protects neurons from oxidative stress and is critical in brain development promoting neural development in both embryonic and adult brain regions. In vitro studies have shown that taurine activates stem cells and neural precursor cells to differentiate into neurons rather than astrocytes [26] . Taurine has also been shown to inhibit the firing rate of CNS neurons suggesting a possible function as a neurotransmitter [27] .
Despite variation between the specific neurochemical profiles of GF and conventional rats and mice, the metabolites differentiating the GF and conventional animals largely reflected a microbial impact on energy metabolism. For example, hippocampal lactate was higher in the GF group in both species. Lactate concentrations were also comparatively higher in the frontal cortex of GF rats but in contrast GF mice demonstrated lower relative amounts of lactate in the frontal cortex compared to their colonized equivalents. Lactate is a key energy substrate and its abundance in the brain significantly increases with brain activity [28] . Similar observations were seen in the GF brain with creatine, an alternative energy source for ATP production and utilization. Variation in brain energy metabolism in the absence of an established microbiome may relate to the reduced ability of GF animals to harvest calories from their diet and their inherently lower basal metabolic rate [29] Consistent with altered energy metabolism, NAA content varied between GF and conventional/SPF animals in all tissues measured. NAA is synthesized in neuronal mitochondria [30] and used as a marker for mitochondrial energy production. Mitochondrial function is preserved in the GF state suggesting these observations must be a product of microbial-associated alterations in metabolic activity. Indeed, the differences in NAA abundance between GF and conventional animals mirrored those of lactate and creatine in all tissues except the rat hippocampus.
In addition to energy metabolism, NAA has several other biochemical functions in the brain (as reviewed by Moffett et al. [31] ). NAA provides acetate for fatty acid and steroid synthesis, which are subsequently used for myelin lipid synthesis. It is a direct precursor for the major neuropeptide NAAG, which was also decreased in the GF rat hippocampus, and is also involved in osmoregulation and axon-glial signalling. NAA depletion is indicative of neurological dysfunction and neuronal loss and diminished concentrations of NAA in brain tissues are commonly associated with neurological disorders observed in certain young (autism [32, 33] ), adult (traumatic brain injury [34] Huntington's disease [35, 36] ) and elderly (Alzheimer's disease [37, 38] , Parkinson's disease [39, 40] ) populations.
The hippocampus forms part of the limbic system and, along with the frontal cortex, has been associated with working memory tasks [41] [42] [43] [44] . Interestingly, reports suggest that GF mice display an absence of non-spatial and working memory, although this is strain-specific [41] . This microbiome-memory association has been further demonstrated in mice through dietary manipulation where provision of a 50% lean ground beef chow diet increased the diversity of the gut bacteria and increased working and reference memory [45] . Furthermore, neonatal rats infected with Escherichia coli and subjected to a peripheral immune challenge using lipopolysaccharide exposure exhibited impaired memory function with alterations to the astroglial architecture of the hippocampus [46] . Astrocytes and neurons are considered metabolically coupled and interactions between the two cell types are critical for memory formation. Astrocytes, but not neurons, are able to store glycogen that can be rapidly metabolized to lactate, pyruvate and potentially glucose. Suzuki et al. [47] demonstrated that glycogenolysis-dependent lactate release in hippocampal astrocytes and transport to neurons is critical for long-term memory formation and long-term synaptic plasticity. Indeed, spatial learning and working memory in rats increases astrocyte abundance [48] . Interestingly, lactate was present in relatively higher quantities in the GF hippocampus of both species compared to their colonized equivalents.
Species-specific variation in the neurochemical effect of the microbiome was observed in the gut microbial influence on choline metabolism in the brain. Choline abundance was lower in the GF rat hippocampus compared to the conventional tissue while phosphocholine was higher. In the mice, choline concentrations were higher in the frontal cortex of GF animals but glycerophosphocholine was lower compared to SPF mice. Choline is an essential precursor for the neurotransmitter acetylcholine and the phospholipid phosphatidylcholine, via phosphocholine. The neurotransmitter acetylcholine is critical for brain function and normal cognition while phosphatidylcholine is a major constituent of cell membranes and maintains cell integrity. Choline is also a source of methyl group donation and can impact on brain development through DNA methylation with choline-deficient diets having been shown to directly alter gene methylation in the brain [49] . Neurons obtain choline by de novo synthesis and from serum choline derived from the diet. Importantly, choline is essential during the perinatal period for brain development and in rodents, perinatal choline supplementation has been shown to permanently modify brain structure and improve working spatial memory [50, 51] . The bioavailability of dietary-derived choline is influenced by the microbiome with an estimated 60% of dietary choline converted to methylamines by the microbiota. Variation in microbial composition and/or functionality could therefore clearly have the potential to modulate the systemic abundance of choline.
Gastrointestinal sterility may have contributed to the observed variation with the GF rats subject to the early stages of colonization following four days exposure to the laboratory environment while the GF mice were maintained under sterile conditions. In addition, the brain profiles of GF rats were compared against those of conventional rats while the GF mice were contrasted against SPF mice. Despite four days of microbial acquisition differences were observed in the neurochemical profiles of the GF compared to the conventional rats. These observations are consistent with previous findings regarding the critical window for neurological plasticity. At the time of sacrifice the rats were eight weeks old. Whilst colonization of GF NMRI mice from early life (prior to mating) [52] or in Swiss Webster mice up to three weeks of age [53] has been demonstrated to restore the conventional-like behavioural phenotype in two independent set of mice, colonization of GF NMRI mice at 10 weeks of age resulted in the persistence of GF associated behavioural phenotype [52] , indicating that the window for microbially modulated behaviour is relatively short. Also, strain variation in behavioural traits were shown, consistent with the data presented here suggesting species variation.
This 1 H NMR spectroscopy-based metabonomic study therefore provides a further contribution to the mounting evidence regarding neurogastroenterology involving the biochemical dialogue between the microbiome and brain. Increasing evidence is mounting indicating that the fetus may not reside in a completely sterile environment and indicates the need for further research on the acquisition of the microbiome. Nonetheless, it is during the postnatal period where a rapid and dynamic colonization process occurs concomitantly with critical developments in brain structure and function. During this early-life period a substantial amount of cell differentiation, morphological and functional development is occurring in the brain. It is therefore plausible that variation in microbiomic community assembly could manifest in neurochemical variations that could subsequently impact on the development and functionality of the brain.
Conclusions
The application of high resolution 1 H NMR spectroscopy to the metabotyping of extracts of specific regions of the brains of germ free and conventional rodents has demonstrated that the gut microbiome is able to imprint on the metabolic profile of the hippocampus and the frontal cortex. Effects were seen in both rat and mouse under different states of microbial exposure. This initial pilot work highlights the need to further characterize this bidirectional gut-brain relationship to establish the direct biochemical impact of the intestinal microbial ecology on early brain development.
